Magnesium has been shown to activate many enzymes i~z vitro. Among them are most of the enzymes acting on phosphorylated substrates, including kinases, synthetases and phosphatases, and many of the enzymes that catalyse carbonyl addition reactions, including all those requiring thiamin pyrophosphate as a cofactor (Mahler, 1961 ) . Some of these enzymes are also activated by other bivalent metals, particularly by Mn, but consideration of the intracellular abundance of metals indicates that Mg is likely to be the physiological activator.
, and the MgATPZ-complex appears to form the active substrate for enzymes of this type.
Mammalian alkaline phosphatases combine phosphomonoesterase and pyrophosphatase activities in the same protein molecule, and the observation that addition of Mg enhanced the orthophosphatase but inhibited the inorganic pyrophosphatase activity (Eaton & Moss, 1967; Fernley & Walker, 1967) raised interesting possibilities about the significance of the metal in controlling the two activities of the enzyme.
More detailed investigations, however, indicate that the effect of Mg varies with the concentration of PP,, and its action appears to be similar to that with ATP-requiring enzymes, with the complex ion MgP2072-forming the substrate for pyrophosphatase action (Butterworth, 1968; Nayudu & Miles, 1969) .
With other enzymes Mg complexes with the protein to give the active form of the enzyme. Kinetic evidence suggests that pyruvate kinase functions as an Mg-enzyme complex and that Ca inhibits by competing for the same binding site (Mildvan & Cohn, 1965) . The use of n.m.r. to study the analogous activation by Mn indicates that pyruvate kinase binds 2 Mn2+ ions/niolecule, and in the activation of enolase by Mn it is the Mn-enzyme complex that forms the active species (Wacker, 1969) .
With some enzymes, such as brain hexokinase (Bachelard, 1971) and yeast inorganic pyrophosphatase (Rapoport et a/., 1972) , Mg may have a dual function, acting both as part of the substrate and as an allosteric activator of the enzyme.
Eflect on enzymic octivity it1 vico
Despite the widespread effects of Mg in activating enzymes i/r citro, comparatively few disturbances in enzymic activity have been established during magnesium deficiency in civo. Reports that oxidative phosphorylation is inhibited in heart mitochondria from magnesium-deficient rats (Vitale eta/., 1957) and ducks (DiGiorgio eta/., 1962) have not been confirmed (Beechey et a/., 1961 ). It is, however,recognized that loss of mitochondria1 Mg in citro uncouples oxidative phosphorylation (Baltscheffsky, 1957) and that the action of certain uncoupling agents coincides with a loss of mitochondria1 Mg (Lee et a/., 1970) , suggesting that Mg is necessary for energy metabolism in the mitochondrion.
A decrease in plasma alkaline phosphatase activity has been repeatedly observed during experimentally induced magnesium deficiency in cattle, rats and mice (Larvor et a/., 1964; Smith & Nisbet, 1968; Haniuro, 1971) . Addition of Mg to the plasma of magnesium-deficient rats increases the activity of the enzyme, but does not restore it to the value found in control animals (Heaton, 1965; Pimstone et a/., 1966) , which implies that the lowered activity involves both a decreased efficiency of operation by the enzyme in plasma and a decrease in the amount present.
Magnesium deficiency also appears to inhibit production of the apoenzyme for transketolase. In magnesium-deficient rats a decrease in liver and whole-blood transketolase activity is accompanied by decreased concentrations of thiamin (Zieve et a/., 1968). A specific thiamin deficiency produces similar effects on the activity of the enzyme, but repletion with thiamin rapidly restores the enzyme activity to normal in such rats, whereas in the presence of a simultaneous magnesium deficiency the administration of thiamin, either alone or in association with Mg, has a much smaller effect.
Decreased activities of succinate dehydrogenase, adenosine triphosphatase and ornithine transcarbamoylase have also been observed in tissues from magnesiumdeficient rats (Lindner eta/., 1962; Lizarralde et a/., 1967) , but the mechanism of the inhibition is not established.
Requiremerit for proteiri synthesis
A need for Mg in association with protein biosynthesis may be one of its most fundamental actions. In addition to its requirement by the various aminoacyl-tRNA synthetases, where it is needed for the activation of amino acids to form the aminoacyladenylates (Wacker, 1969) , it is also involved in maintaining the conformation of ribosomes and nucleic acids. The reversible dissociation of 7 0 s ribosomes, when suspended in media of low Mg concentration, to give 50s plus 30s subunits that are incapable of 531st MEETING, LANCASTER protein synthesis, is well established (Schlessinger, 1969; Nomura, 1970) . This is complemented in vivo by the observation that when Aerobacter aerogenes is starved of Mg it initially synthesizes nucleic acids and proteins at about half the normal rate, but then produces small, non-viable, cells that are almost devoid of ribosomal particles (Kennell & Kotoulas, 1967; Marchesi & Kennell, 1967) .
Most of the Mg2+ in ribosomes is probably bound to the phosphate groups of rRNA (Goldberg, 1966) , but it also appears to be required for the attachment of mRNA and the aminoacyl-tRNA complexes to ribosomes (Miskin et a[., 1970) at the appropriate stages in the ribosome cycle. Addition of Mg to purified tRNA causes a considerable increase in base-pairing, which is accompanied by a decrease in molecular volume (Reeves et a/., 1970) and explains its importance for the conformation of the molecule.
State of intracellidar magnesium
The intracellular concentration of magnesium is about lOmM in most mammalian tissues (Walser, 1967) and it remains relatively constant during a specific magnesium deficiency, which may explain why comparatively few disturbances in enzymic activity have been observed. Analysis of subcellular fractions shows that magnesium is not uniformly distributed in the cell, the microsonial fraction usually containing both a higher concentration and a greater proportion of the total than other organelles, although appreciable amounts occur in all fractions (Griswold & Pace, 1956; Rosenthall eta/., 1956; Murdoch & Heaton, 1968) . The chemical state of magnesium in the cell is more difficult to ascertain, but it is likely that considerable amounts are bound to nucleic acids and proteins. Attempts to determine the concentration of free Mg2+ (England et al., 1967; Rose, 1968; Palaty, 1971) , and calculations made from data on tissue composition and the dissociation constants of various complexes (Kerson et al., 1967) both indicate that the Mg2+ concentration in mammalian tissue is 1 mM or less. This is below the concentration necessary for maximum activity of pyruvate kinase in rat heart (Kerson et al., 1967) and hexokinase in ox brain (Bachelard & Goldfarb, 1969) , so that comparatively small changes in the intracellular binding of Mg are potentially able to exert a considerable degree of metabolic control.
Requirement for hormonal action
Another mechanism by which Mg may exert a regulatory role in metabolism is by influencing the action of certain hormones on their target organs. Mg-depleted strips of canine artery give a diminished contraction when stimulated by oxytocin and vasopressin, and this is consistent with the observation that the addition of Mg potentiates the action of these hormones on smooth muscle from several mammalian tissues (Somlyo et al., 1966) .
Magnesium deficiency has also been shown to inhibit the breakdown of bone by parathyroid hormone in uitro and to diminish the rise in plasma Ca and Mg concentrations that follows injection of the hormone into living rats (Raisz & Niemann, 1969; MacManus et al., 1971) . These findings are supported by the impaired calcaemic response to parathyroid hormone observed by Estep et al. (1969) and Muldowney et al. (1970) in patients with hypomagnesaemia and hypocalcaemia, and its return to normal after correction of the magnesium deficiency.
Preliminary experiments we have performed recently (F.W. Heaton & P. W. Lucas, unpublished work) suggest that magnesium deficiency enhances the action of calcitonin in decreasing the rate of breakdown of rat bone in uitro. This is consistent with the observations on parathyroid hormone and strengthens the concept that the local availability of Mg modulates the action of hormones on bone. [184] [185] [186] [187] 
